A system dynamic model of dry matter distribution between each inflorescence was constructed for sweet pea plants during flowering. The amount of dry matter distributed to each inflorescence is proportional to the product of dry matter and the relative growth rate of the inflorescence in the model. When the total dry matter supplied to the inflorescence per day is changed, the change of dry matter of the inflorescence is continuous without converging. Conversely, when the total dry matter supplied to the inflorescence per day is kept constant, the change in dry matter of the inflorescence converges immediately. From these simulation results, the hypothesis was formulated that the change in dry matter of an inflorescence is suppressed by reducing the change in total dry matter supplied to the inflorescence. 
Introduction
After converting from the vegetative to the reproductive growth phase, vegetative organs such as leaves, and reproductive organs such as inflorescences, form simultaneously in the sweet pea (Lathyrus odoratus L.). In the early stage of reproductive growth, there is competition between vegetative organs and reproductive organs for photosynthate (Jeuffroy and Warembourg, 1991; Kelly and Davis, 1988) . Vegetative and reproductive organs are formed over a period of more than six months in sweet peas. Competition for photosynthate is expressed through the generation of bud abscission and fluctuation in the number of buds per inflorescence. When bud abscission frequently occurs, the harvestable number of flowers of superior quality notably decreases (Inoue, 2007) . On the other hand, deterioration in the quality of cut flowers follows overcropping. For example, a plant bearing many inflorescences shows a decrease in the proportion of photosynthate translocated to the shoot apex, new leaves, and roots. It is important to control competition for photosynthate in order to harvest flowers of superior quality continuously.
To predict the growth and yield of crops, a model that simulated dry matter distribution was devised. A system dynamics model is a simulation model describing the dynamics of dry matter (Shimada and Yamaguchi, 1995) . Dry matter distribution has been analyzed in fruit vegetables such as tomatoes and cucumbers using system dynamics models (Heuvelink, 1996; Heuvelink, 1999; Marcelis, 1993b; Marcelis, 1994) . Simulation of the model not only predicts growth and yield, but gives new insights into dry matter distribution, because practical experimentation has more limitations than theoretical investigations.
Here, a system dynamics model of dry matter distribution between each inflorescence was constructed and used to simulate two conditions. The simulation results suggested that if the total dry matter supplied to each inflorescence per day is kept constant, fluctuation 345 in the number of buds per inflorescence can be suppressed. The effect of overnight supplemental lighting after cloudy or rainy days on the fluctuation in the number of buds per inflorescence was investigated.
Materials and Methods

Dynamic model for dry matter distribution to inflorescences
Winter flowering sweet pea variety 'Early Lavender' seeds obtained from a commercial nursery were soaked in distilled water for approximately 6 h. Pre-germinated seeds were stored for 15 days at 1°C. Three seeds were sown per hole in a plastic greenhouse maintained at a minimum temperature of 5°C with natural day length on September 1, 1996. Inter-row and intra-row spacing was 30 cm. Plants with inferior growth were thinned out to leave two plants per hole. Liquid fertilizer (N : P : K = 14 : 8 : 16) that had been diluted to give a nitrogen concentration of 200 ppm was applied at approximately 7 L·m −2 every week from November onwards. All axillary buds and tendrils were removed at the earliest possible stage of growth. The vine was trained horizontally. In order to maintain plant vigor, the first and second inflorescences were removed just after budding. The data used to construct the model were recorded from February to April. A dynamic model for dry matter distribution to inflorescences was constructed based on the following data (Fig. 1) . 1. Change in the number of buds that bloomed per inflorescence after budding: The change in the number of buds that bloomed per inflorescence after budding is shown in Figure 1A . Days after budding and the number of buds that bloomed in the inflorescence were set to X and Y, respectively. The fourth bud of inflorescences bloomed 18 days after budding. The inflorescences were harvested 18 days after budding in the model.
Interval of budding:
The change in the number of inflorescences that budded above a certain inflorescence is shown in Figure 1B . The days after budding of a certain inflorescence and the number of inflorescences that budded above a certain inflorescence were set to X and Y, respectively. The regression of these data is as follows:
The slope of Eq. (1) is approximately 1/4; therefore, a new inflorescence appears every four days. It is assumed that four to five inflorescences are developing simultaneously in the model.
Change in dry matter of the inflorescence:
The length of the flower stalk and dry matter of the inflorescence from the immature stage to blooming of the fifth floret are shown in Figure 1C . The length of the flower stalk and dry matter of the inflorescence were set as X and Y, respectively. The regression curve for these data is as follows:
The relationship between days after budding and length of flower stalk is shown in Figure 1D . Elongation of the flower stalk stopped 20 days after budding. The change in dry matter of the inflorescence was calculated using Eq. (2) and Figure 1D . Days after budding and the dry matter of the inflorescence were set as X and Y, respectively (Fig. 1E ). The regression sigmoid curve for these data is as follows:
From Eq. (3), the dry matter of the inflorescence at budding as an initial value for the model is set as 0.0316 g. The increase in dry matter of the inflorescence per day is estimated on the basis of Eq. (3) (Fig. 1F ). Dividing the increase in dry matter of the inflorescence per day by the dry matter of the inflorescence of the day number, the relative growth rate (RGR) of dry matter of the inflorescence was calculated. The number of days after budding and the RGR of dry matter of the inflorescence were set as X and Y, respectively (Fig. 1G) . The regression sigmoid curve of these data is as follows:
Sink strength of inflorescence:
The amount of dry matter distributed to each organ is determined by the sink strength of each organ (Ho, 1988; Schapendonk and Brouwer, 1984) . Sink strength is expressed as the weight of the organ multiplied by its RGR (Ho, 1988) . The sink strength of the inflorescence is a product of dry matter and the RGR of the inflorescence (Eq. (4)) in the model. The relative sink strength of each organ is the value of the sink strength of each organ divided by the total sink strength: the sum of sink strength of every organ.
(Relative sink strength) = (Sink strength)/(Total sink strength) (5)
The amount of dry matter distributed to each inflorescence is proportional to the relative sink strength of each inflorescence (Eq. (5)).
The simple system dynamic model was constructed on the basis of the above data (Fig. 2) . This model considers of only dry matter distribution to inflorescences. Dry matter distribution to foliage and roots, and the influence of environmental factors, such as maintenance respiration and temperature, were ignored. The time step of the model was set to 1 day. The dry matter distributed to each inflorescence was simulated for two conditions where total dry matter supplied to each inflorescence per day was randomly changed or kept constant.
Stabilization of the number of buds per inflorescence by overnight supplemental lighting on cloudy or rainy days
Winter flowering variety 'Early Pink' seeds obtained from a commercial nursery were soaked in distilled water for approximately 6 h. Pre-germinated seeds were stored for 2 weeks at 1°C. Three seeds were sown per hole in containers (90 cm × 180 cm × 30 cm) on August 25, 1998. Inter-row and intra-row spacing was 50 and 20 cm, respectively. The containers were placed in a plastic greenhouse maintained at a minimum temperature of 5°C with natural day length. Plants with inferior growth were thinned out to leave two plants per hole. Liquid fertilizer (N : P : K = 14 : 8 : 16), which had been diluted to give a nitrogen concentration of 200 ppm, was applied at 30 L per container every week, from September onwards. All axillary buds and tendrils were removed at the earliest possible stage of growth. The vine was trained horizontally. In order to maintain plant vigor, the first and second inflorescences were removed just after budding.
From the simulation results, when the total dry matter supplied to each inflorescence per day was kept constant, suppression of the fluctuation in the number of buds per inflorescence was predicted. The hypothesis was formulated that the change in dry matter of an inflorescence is suppressed by reducing the change in total dry matter supplied to the inflorescence. Overnight supplemental lighting on cloudy or rainy days is considered one of the methods to counteract changes in total dry matter supplied to inflorescences each day; therefore, the effect of overnight supplemental lighting on cloudy or rainy days on the fluctuation in the number of buds per inflorescence was investigated. From September, the plants were submitted to three levels of supplemental lighting; one under no supplemental lighting (control) and the other with supplemental lighting using fluorescent and incandescent lamps. The light intensity at the top of the plant at night had a photosynthetic photon flux density (PPFD) of 13 or 80 μmol·m . The lights were turned on from 17:00 to 8:00 on cloudy or rainy days. Photosynthetic rates were measured under growing conditions in January. Measurements were made with LI-6200 (LI-COR) on the leaflet on the node bearing the blooming inflorescence of five plants per experimental unit between 20:00 to 22:00 on cloudy or rainy days. The light conditions were the same as the supplemental lighting. The temperature of the leaflet had been measured over the same period. The number of buds per inflorescence was counted for all the inflorescences on 23-26 plants in each light treatment. The number of buds per cut flower and the number of bud abscissions per cut flower were also counted. Here, harvested inflorescences are expressed as cut flowers. Fluctuations in these values were calculated with coefficients of variation.
Results and Discussion
Dynamic model for dry matter partitioning in the inflorescence
We previously reported 13 C partitioning in inflorescences of sweet pea (Fudano et al., 2001) . Supposing that new inflorescences appear at intervals of four days and the second bud blooms 14 days after budding, 13 C partitioning to the inflorescence at 2, 6, 10, and 14 days after budding is 0.257, 0.761, 0.951, and 0.801 mg, respectively. The ratio of 13 C content between each inflorescence in the data of our previous study was similar to the data obtained in this study (Fig. 1E) . This model is appropriate because the increase in dry matter of an inflorescence per day is similar to the actual measured value. Figure 3 shows the results of the simulation under the two conditions. When the total dry matter supplied to the inflorescence per day is changed, the change of dry matter of the inflorescence is continuous without converging (Fig. 3A) . Conversely, when the total dry matter supplied to the inflorescence per day is kept constant, the change in dry matter of the inflorescence converges immediately (Fig. 3B) . When the dry matter is changed, the total dry matter supplied to the inflorescence each day is considered an important factor; therefore, the hypothesis was formulated that the change in dry matter of an inflorescence is suppressed by reducing the change in total dry matter supplied to the inflorescence.
Stabilization of the number of buds per inflorescence by overnight supplemental lighting on cloudy or rainy days
The photosynthetic rate at night in a leaflet of a plant treated with 80 μmol·m (PPFD13) treatment and no overnight supplemental lighting (control) was below the light compensation point (Fig. 4A) . The temperature at the leaflet surface at night was highest for PPFD80, followed by PPFD13 and the control (Fig. 4B) . PPFD80 treatment reduced the number of buds per inflorescence, the fluctuation in the number of buds per cut flower, and the number of bud abscissions per cut flower (Table 1) . There was no significant difference in the number of cut flowers per plant, the fluctuation in the number of buds per inflorescence, the number of buds per cut flower, and the fluctuation in the number of bud abscissions per cut flower due to the three light treatments. There are two reasons for supplemental lighting: (1) the promotion of photosynthesis, compensating for insufficient insolation and (2) the control of photoperiodic response, compensating for short photoperiods (Kozai, 1989) . The amount of insolation is an important factor that restricts the yield of crops in countries and regions of high latitude. There are many reports investigating, for example, the promotion of photosynthesis, growth and yield of tomato (Erhioui et al., 2002) and cucumber plants under supplemental lighting during the daytime (Hao and Papadopoulos, 1999) ; the promotion of photosynthesis in potted gerbera under supplemental lighting during the daytime (Zheng et al., 2006) ; the promotion of growth and yield of cucumber plants (Blain et al., 1987) ; and the improvement in quality and increase in yield of the oriental lily (Treder and Kubik, 2000) under supplemental lighting to extend the photoperiod. Supplemental lighting is a method mainly used to control photoperiodic responses, such as flower induction and breaking of dormancy, in Japan. The reason why supplemental lighting is seldom used during the daytime is the comparatively high insolation in winter and its expense, for example, in terms of electricity usage. Fukuda (2000) showed that the growth of vegetables grown hydroponically is promoted under supplemental lighting using low-cost electric power during the night, and since quality also improved, this method could be introduced for commercial growing. The overnight supplemental lighting on cloudy or rainy days investigated in this paper may be introduced for commercial growing.
Bud abscission occurs after several days of cloudy and rainy weather in winter. Namikawa and Miura (1974) reported a clear correlation between PPFD and the occurrence of bud abscission as a result of the decline in photosynthesis due to the shortage of sunlight. It is known that ethylene induces bud abscission in sweet pea (Mor et al., 1984; Singh and Moore, 1994) . Ohkawa et al. (1991) suggested that the occurrence of bud abscission in cloudy or rainy winter weather is due to a decrease in photosynthesis, causing a decline in the sugar content of sweet pea plants. This decline stresses the buds, causing them to produce ethylene. PPFD of 80 μmol·m −2 ·s −1 overnight supplemental lighting on cloudy or rainy days prevented bud abscission and suppressed fluctuations in the number of buds per cut flower. This result suggests that the increased amount of dry matter resulting from overnight supplemental lighting after cloudy or rainy days was distributed preferentially to developing inflorescences and reduced the stress caused by the decline in sugar content, which is a trigger for ethylene synthesis. Dry matter continues to be distributed to the inflorescence in which bud abscission did not occur, and the number of buds per inflorescence was reduced by decreasing the amount of dry matter distribution to the apical part of the shoot. (Hughes and Tsujita, 1982; Treder and Kubik, 2000) . Supplemental lighting of 100 μmol·m −2 ·s −1 or more is required to enhance the growth of fruit vegetables such as cucumbers, tomatoes, Table 1 . Supplemental lighting effect on the number of cut flowers per plant, buds per inflorescence, buds per cut flower and bud abscission in 'Early Pink' sweet pea.
z Coefficients of variation. y Values followed by the same letter within a column were not significantly different at P < 0.05 by Tukey's test. and peppers (Blain et al., 1987; Demers et al., 1998a; Demers et al., 1998b) . In this study, although PPFD of 80 μmol·m may be required. When the intensity of light in overnight supplemental lighting is too high, there are some plants in which photosynthesis decreases, chlorosis occurs, and dry matter is reduced (Masuda et al., 2006) . Further research is needed to clarify the effects of overnight supplemental lighting on dry mass production and fluctuation in the number of buds per inflorescence in sweet pea.
